We report on the improved light extraction efficiency of blue light-emitting diodes (LEDs) by SiO 2 -coated ZnO nanorods (NRs) grown on indium-tin oxide (ITO). The optical output power of the LEDs with SiO 2 -coated ZnO NRs, which are grown on the patterned sapphire substrates, increases by 5% at 20 mA, compared with that of LEDs with bare ZnO NRs. This increase is attributed to the improved light extraction efficiency of LEDs because the SiO 2 layer with a refractive index lower than that of ZnO NRs further reduces the Fresnel reflection. # 2013 The Japan Society of Applied Physics T he low light extraction efficiency (LEE) of GaNbased light-emitting diodes (LEDs) is one of the most important issues for solid-state lighting due to light loss by the total internal reflection and Fresnel reflection that occur at the LED surface. Light can only escape from GaN to air below a critical angle of 24 because of the large difference in refractive index between the GaN film (n ¼ 2:5) and air (n ¼ 1).
T he low light extraction efficiency (LEE) of GaNbased light-emitting diodes (LEDs) is one of the most important issues for solid-state lighting due to light loss by the total internal reflection and Fresnel reflection that occur at the LED surface. Light can only escape from GaN to air below a critical angle of 24 because of the large difference in refractive index between the GaN film (n ¼ 2:5) and air (n ¼ 1). 1) To increase the LEE of LEDs, patterned sapphire substrates, 2, 3) texturing of surfaces, [4] [5] [6] chip shaping, 7) and photonic crystals 8, 9) have been used. Recently, ZnO nanostructures grown on indium-tin oxide (ITO) by the hydrothermal method have been actively studied to further enhance the LEE of LEDs, where the ZnO nanostructures act as light waveguide or antireflection films to reduce the Fresnel reflection. 10, 11) Furthermore, the sidewalls and rough surfaces of ZnO nanostructures were reported to increase the emission area and critical angle of the LEDs. [12] [13] [14] In this letter, to further improve the LEE of the LEDs, we demonstrate the blue LED with SiO 2 -coated ZnO nanorod (NR) arrays formed on the ITO transparent conducting layer (TCL). The transmittance of the ITO layer was improved by the graded refractive index of the SiO 2 -coated ZnO NRs which reduce the Fresnel reflection. The optical output power of the LED was enhanced due to the improved transmittance of SiO 2 -coated ZnO NRs compared with that of the LED with the bare ZnO NRs.
The device structure of the blue LEDs with SiO 2 -coated ZnO NR arrays is schematically illustrated in Fig. 1 . The layer structure of LEDs with a blue emission at 470 nm were grown by metalorganic chemical vapor deposition on c-plane (0001) patterned sapphire substrates which have a periodic lens pattern with a 3 m-diameter, 4 m-spacing, and 1.5 m-height. After the growth of a 25-nm-thick GaN nucleation layer at 550 C, a 2-m-thick undoped GaN layer and a 2-m-thick n-GaN layer were grown at 1020 C. Multiple quantum wells (MQWs) consisting of five periods of undoped InGaN wells (3 nm) and GaN barriers (12 nm) were grown at 750 C, followed by the growth of a 200-nm-thick p-GaN layer at 980 C. To fabricate LEDs with a size of 300 Â 300 m 2 , a p-GaN layer was etched by inductively coupled plasma etching until the n-GaN layer was exposed as an n-type ohmic contact. Then, a 150-nmthick ITO layer was deposited on a p-GaN layer as a TCL by e-beam evaporation. This was followed by deposition of Cr/Au (50/150 nm) on the n-GaN layer as an n-electrode and on the ITO layer as a p-electrode. To investigate the influence of SiO 2 -coated ZnO NRs on the ITO layer, LEDs with SiO 2 -coated ZnO NRs were also fabricated. To obtain the ZnO NRs on the ITO TCL, the ITO area for the pelectrode was selectively opened using a photoresist lift-off process. Then, a few-nanometer-thick ZnO thin film, acting as a ZnO seed layer for ZnO NR growth, was deposited on the ITO layer by radio frequency magnetron sputtering at room temperature. It was reported that the ZnO seed layer influences the shape of the ZnO nanostructures grown in solution. 14, 15) After the deposition of the ZnO seed layer, the ZnO NRs were grown by dipping the LEDs in an aqueous solution containing 30 mM of zinc nitrate hexahydrate
C for 90 min. At the end of the reaction, the LEDs were immediately rinsed with DI water to remove any residual salts and dried at room temperature. Finally, after the removal of the photoresist mask, a 40-nm-thick SiO 2 layer was deposited on the ZnO NRs by plasma-enhanced chemical vapor deposition (PECVD). ethanol and then transferred to a TEM grid. As shown in Fig. 2 , the diameter and height of ZnO NRs are 50 AE 20 and 150 AE 10 nm, and the average diameter and height of SiO 2 -coated ZnO NRs are 70 AE 20 and 185 AE 10 nm, respectively. These results indicate that the SiO 2 shell layer is deposited on the surface of ZnO NRs by PECVD.
For the TCL application in LEDs, the optical properties of ITO with and without SiO 2 -coated ZnO NRs were measured on glass substrates using a UV-visible spectrometer. For comparison, the ZnO NRs were directly grown on ITO glass. Figure 3 shows the transmittance spectra of the ITO glass with and without SiO 2 -coated ZnO NRs. The light propagates from the ITO glass via the ZnO NRs to air in the transmittance measurements. As shown in Fig. 3 , the transmittance of the ITO glass with ZnO NRs increases in the visible-wavelength range from 400 to 525 nm. The transmittance of a bare ITO at 470 nm, which is the emission wavelength of LEDs, is 85%. However, when ZnO NRs are formed on the ITO layer, the transmittance increases to 90% because the reflection at the interface between the ITO film and air in the emission wavelength region is decreased by ZnO NRs. [12] [13] [14] In particular, the transmittance of the ITO layer with SiO 2 -coated ZnO NRs further increases to 93% at 470 nm, which is higher than that of the ITO layer with bare ZnO NRs. In this study, the enhanced transmittance of ZnObased NRs cannot be explained by the waveguiding effect of ZnO-based NRs at 470 nm since the diameter of ZnO-based NRs is much smaller than the wavelength of 470 nm.
16) The higher transmittance of the ITO layer with SiO 2 -coated ZnO NRs is attributed to the additional reduction of Fresnel reflection because the ZnO NRs have a refractive index of 2.08, which is close to the refractive index of the ITO layer, and the SiO 2 layer has a refractive index of 1.55. [17] [18] [19] To investigate the optical emission properties of LEDs, the electroluminescence (EL) and optical output power of LEDs were measured. Figure 5(a) shows the EL spectra of blue LEDs with and without SiO 2 -coated ZnO NRs on ITO TCLs at the injection currents of 20 and 100 mA, respectively. As shown in Fig. 5(a) , the EL intensity of the LEDs with SiO 2 -coated ZnO NRs is higher than that of the LEDs without SiO 2 -coated ZnO NRs. This result is attributed to the enhanced LEE of the LEDs with SiO 2 -coated ZnO NRs. The EL emission wavelength is also slightly blue-shifted from 472 nm at 20 mA to 469 nm at 100 mA. The blueshifted EL peak with increasing injection current is due to a screening effect of the polarization-induced electric field by carriers and to the band-filling effect of the localized energy states formed by the potential fluctuations in MQWs. 20) Figure 5(b) shows the optical output powers of blue LEDs with and without SiO 2 -coated ZnO NRs on the ITO TCLs as a function of injection current. The optical output power of LEDs was measured from the top side of LEDs using a 2-cm-diameter Si photodiode connected to an optical power meter. As shown in Fig. 5(b) , the optical output power of LEDs with ZnO NRs is increased by 15% at 20 mA, compared with that of LEDs without ZnO NRs. These results indicate that the Fresnel reflection at the interface between ITO layer and air can be reduced by ZnO NRs because the ZnO NRs and a surface roughness in a subwavelength scale effectively provide a graded refractive index which leads to the high transmittance and low internal reflectance, as shown by the transmittance spectra of Fig. 3 . 11, 14) In particular, it is noted that a 21% enhancement in the optical output power of LEDs with SiO 2 -coated ZnO NRs is achieved at 20 mA, compared with that of LEDs without ZnO NRs. The comparison of optical output powers of LEDs with the bare ZnO NRs and SiO 2 -coated ZnO NRs shows that the additional improvement of 5% in optical output power is achieved by SiO 2 coating on ZnO NRs and the improvement is attributed to the further decrease of Fresnel reflection by the SiO 2 layer. 18, 19) In summary, we demonstrate the blue LEDs with SiO 2 -coated ZnO NRs on ITO TCLs, which are grown on the patterned sapphire substrates. The transmittance of the ITO layer with SiO 2 -coated ZnO NRs was increased by the SiO 2 layer with a low refractive index of 1.55 and the reduction of the Fresnel reflection. The optical output power of LEDs with SiO 2 -coated ZnO NRs was enhanced by 5% at 20 mA compared with that of LEDs with bare ZnO NRs. The enhancement was attributed to the higher light transmittance of the ITO layer with SiO 2 -coated ZnO NRs, which have reduced Fresnel reflection, compared with that of the ITO layer with ZnO NRs. 
